Tendon is a connective tissue that transmits forces between muscles and bones. Cellular heterogeneity is increasingly recognized as an important factor in the biological basis of tissue homeostasis and disease, but little is known about the diversity of cells that populate tendon. Our objective was to explore the heterogeneity of cells in mouse Achilles tendons using single-cell RNA sequencing. We assembled a transcriptomic atlas and identified 11 distinct cell types in tendons, including 3 previously undescribed populations of fibroblasts. Using trajectory inference analysis, we provide additional support for the notion that pericytes are progenitor cells for the fibroblasts that compose adult tendons.
Introduction
Tendon is a dense, collagen-and proteoglycan-rich connective tissue that transmits forces between muscles and bones. Tendon fibroblasts, or tenocytes, are thought to be responsible for extracellular matrix (ECM) production, organization, and maintenance . During development and early postnatal stages, tendon is a relatively cellular tissue with high rates of cell proliferation, but 3 weeks after birth mice tendons become hypocellular with low rates of cellular turnover (Grinstein et al., 2019; Mendias et al., 2012) . Single-cell RNA sequencing (scRNAseq) is a technique that can expose the cellular heterogeneity within tissues. Cellular heterogeneity is increasingly recognized as important for the biological function of tissues, and for the development of new therapies for diseases (Paolillo et al., 2019) . Therefore, our objective was to determine the diversity in cell populations in postnatal tendons, and to establish an interactive transcriptomic atlas of tendon using scRNAseq as a resource to enable widespread exploration of the cellular heterogeneity of this functionally important connective tissue.
Results and Discussion
We isolated Achilles tendons (N=4), the major load bearing tendons of the hindlimb, from 6-week old male C57BL/6J mice. This age was selected to be reflective of early adulthood, as the cells within tendon have low proliferation rates and are specified at this point, but the ECM is still actively being synthesized as the skeleton continues to Tendons were digested to generate single-cell suspensions, and scRNAseq was performed to generate 4 independent single-cell datasets. Given the hypocellular nature of tendons, datasets were bioinformatically integrated to augment cell type coverage and improve gene expression analysis statistical power (Stuart et al., 2019) ( Figure S1A ).
Collectively, we resolved 1197 cells after quality control validation, which clustered into 11 distinct populations ( Figure 1A ). Differences in cell type proportions between tendon samples likely reflect cell-sampling effects ( Figure S1B ). The top differentially expressed genes in each cell type are shown in Figure 1B . We published an online interactive atlas available at https://mendiaslab.shinyapps.io/Tendon_SingleCell_Atlas/ . Flow cytometry using cell surface antigens was also performed ( Figure 1E -F).
We identified three groups of fibroblasts that we refer to as tendon fibroblasts 1 and 2, and junctional fibroblasts ( Figure 1A-B ). These cells collectively express type I collagen (Col1a1) at a moderate to high level, and it is the basis of this Col1a1 expression that we define these cells as fibroblasts ( Figures 1A,B ,E and 2A). One of these fibroblast groups displayed moderate Col1a1 expression, and also expressed transcripts for type XXII collagen (Col22a1) at a high level. Type XXII collagen is known to be present at tissue junctions, and we therefore refer to these cells as junctional fibroblasts.
For flow cytometry, fibroblasts 1 are present in the CD31 -CD45 -CD34 -CD146subpopulation, and fibroblasts 2 are in the CD31 -CD45 -CD34 + CD146subpopulation ( Figures 1F-G) , while junctional fibroblasts are present in both. The fibroblast 1 and 2 subpopulations express somewhat distinct patterns of the ECM binding genes osteopontin (Spp1) and dermatopontin (Dpt), with osteopontin enriched in fibroblasts 1 and dermatopontin in fibroblasts 2 ( Figures 1A,B ,E). We therefore sought to verify the expression patterns of Spp and Dpt using RNA in situ hybridization (ISH). Similar to scRNAseq, Spp1 and Dpt are expressed in separate cells (tendon fibroblasts 1 and 2, respectively), and occasionally in the same cell ( Figure 2B ). In addition, a subset of cells from the fibroblast 2 subpopulation also differentially express Smoc2 (Figure 1A ,E).
Unlike RNA, at the protein level osteopontin, dermatopontin, and SMOC2 are mainly present in overlapping locations ( Figure 2C ). As tendon fibroblasts are arranged in linear clusters of several cells, these observations indicate that fibroblasts within clusters could be specialized to produce distinct proteins that constitute the ECM. is a transcription factor that are thought to also be consistent markers of the tenogenic lineage (Huang et al., 2015) . We therefore expected to observe widespread Scx, Tnmd, and Mkx expression in fibroblasts. To our surprise, a minority of fibroblasts 1 express Scx, and a portion of fibroblasts 1 and 2 express Tnmd ( Figures 1A,B ,E). Mkx was also only expressed in a subset of fibroblasts 1 and 2, with a greater proportion of fibroblasts 1 expressing Mkx than fibroblasts 2. We performed RNA ISH for Scx and Tnmd to confirm these findings. Consistent with scRNAseq, while all of the fibroblasts express Col1a1, only a subset express Scx and Tnmd (Figure 2A ,D). Some cells expressed Tnmd but not Scx ( Figure 2E ). We also confirmed these findings with scleraxis lineage tracing mice, in which CreERT2 is driven from the native Scx locus and a flox-stop-flox-tdTomato sequence is expressed from the ubiquitous Rosa26 locus. This allows for Scx-expressing cells to permanently express tdTomato upon treatment with tamoxifen, referred to as Scx:R26 tdTomato mice ( Figure 2G ). Following 5 days of tamoxifen treatment, only a small portion of fibroblasts of Scx:R26 tdTomato mice contained tdTomato ( Figure 2F ), providing further support that Scx is only expressed in a subset of adult tendon fibroblasts. As 
2019).
We found that Tppp3 is differentially expressed by the tissue-resident immune subpopulation (log2fc = 2.5; q-value = 1.4e-28; Table S1 ) and is co-expressed at low levels with Pdgfra in a subset of fibroblasts ( Figure 1B Several other cell types were identified with scRNAseq ( Figure 1A-B Figure 3A) . Furthermore, our model also identified that connective tissue growth factor (Ctgf) is differentially expressed by junctional and fibroblast 1 cells (but not 2) and interacts with at least 5 different receptors (Lrp1, Lrp6, Itga5, Itgb2, and Itgam). CTGF is recognized for its pro-tenogenic potential and its receptors on tendon progenitor cells may be a therapeutic target for tendon injuries (Lee et al., 2015). CTGF interacts with LRP1, which has been documented to regulate extracellular remodeling (Gaultier et al., 2010) , is differentially expressed by all 3 fibroblast subpopulations ( Figure 3D ). LRP1 is also involved in a multitude of stem cell processes, such as neurogenesis, adipogenesis, and vascular development ( There are several limitations to this study. We used a single age and sex of mice, and while we do not know how cell subpopulations will change with aging, we expect our findings are relevant to both sexes. There were fewer total cells analyzed for scRNAseq than other tissues (Schaum et al., 2018), but this is likely due to the hypocellular nature of tendons. Despite these limitations, we provided datasets from 4 individual mouse tendons compared to other studies that pooled multiple tendon tissues from a single mouse (Harvey et al., 2019; Tan et al., 2020) , and our overall findings reveal tremendous heterogeneity in the cells that populate tendons. We identify 3 previously undescribed subpopulations of tendon fibroblasts based on relatively distinct expression of ECM proteins, and support the notion that pericytes are progenitor cells of adult fibroblasts. We also modeled ligand-receptor interactions in tendon that confirmed prior observations about TGFβ and CTGF, while also proposing new signaling targets. Our findings also indicated that fibroblasts could specialize to produce distinct components of the tendon ECM, which may have important implications in the treatment of tendinopathies.
Materials and Methods
Animals. This study was approved by the Hospital for Special Surgery/Weill Cornell Medical College/Memorial Sloan Kettering Cancer Center IACUC. Male 6-week old C57BL/6J mice (strain 000664) were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Scx CreERT2 mice in which an IRES-CreERT2 sequence was inserted between the stop codon and 3' UTR in exon 2 of scleraxis (Howell et al., 2017) , were kindly provided by Dr. Ronen Schweitzer (Shriners Hospitals for Children, Portland, OR, USA).
We also obtained R26 tdTomato reporter mice ( Stuart et al., 2019) . We integrated the four gene expression matrices for more powerful statistical analyses using SCTransform of Seurat method and evaluated differences in population number across samples ( Figure S1 ). Genes expressed in less than 3 cells as well as cells <1000 unique molecular identifiers (UMIs) and <200 genes were removed from the gene expression matrix. We also filtered out cells with >20% UMIs mapping to mitochondrial genes. A total of 1197 cells remained after applying these criteria. We performed principal component analysis (PCA) and used the first 15 PCs for population clustering (unsupervised shared nearest neighbor, SNN, resolution=0.4) and data visualization (UMAP). Finally, differential expression analysis was achieved using the "FindAllMarkers" function in Seurat using a likelihood test that assumes a negative binomial distribution (min log2 fold-change > 0.25, min fraction > 25%). We refer to normalized gene expression values as the number of log-normalized counts per gene relative to the total number of counts per cell. Supplemental Table S1 provides differential gene expression data for each cell presented in the atlas and dot plot ( Figure 1A-B ).
Single cell trajectory analysis. We used the Monocle v. 2.8.0 R package (Qiu et al.,   2017) to infer a hierarchical organization between subpopulations of pericytes, fibroblasts 1 and 2, and junctional fibroblasts, to organize these cells in pseudotime. We took these subpopulations from the Seurat dataset from which we reperformed SNN clustering and differential expression analysis as described above. We then selected the top 300 differentially expressed genes based on fold-change expression with a minimum adjusted p-value of 0.01 for Monocle to order the cells using the DDRTree method and reverse graph embedding. We then used branch expression analysis to identify branchdependent differentially expressed genes.
Ligand-receptor interaction model. The model aims at scoring potential ligand-receptor interactions between fibroblast subpopulations and other cell types. We used the ligandreceptor interaction database from Skelly et al. (Skelly et al., 2018) . To calculate the score for a given ligand-receptor pair, we multiply the average receptor expression in fibroblasts with the average ligand expression per other cell type (including other fibroblast subpopulations to consider autocrine interactions). We only considered receptors that are differentially expressed in either of the 3 fibroblasts subpopulations.
Flow cytometry. Tendons of N=3 mice were digested to obtain a single cell suspension 
